Abstract-Numerical solutions using well-developed and tested finite-difference codes are presented with the goal being to illustrate the power and flexibility of the numerical solvers, especially as compared to analytical methods.
I. INTRODUCTION HE microwave field is one in which the number of T analytic solutions to problems of interest is small. These analytic solutions are important because they serve as efficient guides in our understanding of the effects of parameter variation. However, these analyses are most often restricted to relatively simple geometries in which the Helmholtz equation, for example, is separable, and any perturbation of these regular boundaries renders the particular analysis invalid. Numerical solution techniques tend not to be thusly constrained and can provide quick, accurate solutions to mathematically intractable problems. In this paper we will present the numerical solutions to three typical problems that have appeared recently in the microwave literature. The solutions presented in these papers are characterized by lengthy, complex, and somewhat ingenious analytic techniques. The solutions we present here are easily obtained through the application of the codes URMEL-T [ 13, [2] and URMEL-3D [3]. These codes, available from the DESY Laboratory, are the result of years of collaboration between the DESY, Los Alamos, and KFA-Julich Laboratories in the development of numerical solution techniques for Maxwell's equations.
DIELECTRIC-LOADED WAVEGUIDE
As a first example, we consider a circularly symmetric waveguide with a circular dielectric cylinder coaxially located inside. Using a rather coarse mesh for purposes of illustration, we show (Fig. 1 ) the mesh generated by the URMEL-T code for a waveguide with dielectric cylinder radius a = 0.394 in, circular waveguide inner radius b = 0.5 in, and dielectric constant E = 37.6 X eo. To determine the propagation constant y for this waveguide sys- where where kg = w2poco, ri = -( k g + y ' ) , and E; = w2p0c + y2. Additional quantities appearing in (1) and (2) are ( 4 ) with ( I.
In these expressions, J, is the Bessel function of the first kind, order n, and In and K, are modified Bessel functions of order n. This problem was solved by URMEL-T. The input file for the code is shown in Table I . Table I1 shows a comparison between the URMEL-T results for the first five roots of the characteristic equation (see (1)) for koa = 0.8384, i.e., forf = 4 GHz, and compares them with the results quoted in [4]. Fig. 2 shows electric field plots typical of solutions for this waveguide.
In the URMEL-T code, a code principally designed to solve for the eigenmodes of cylindrically symmetric resonators, material codes 0, 1, and 2 correspond to vacuum, infinitely conducting medium, and infinitely permeable medium, respectively. Other material media, permittive or permeable, are defined for the code through the use of the #matdef (material definition) input. Referring to Table   I , the material (the dielectric) defined after the #matdef line is material 3, which is defined to have a dielectric constant of 37.6 and a permeability equal to that of free U.S. Government work not protected by U.S. copyright 
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Fig. 1. The mesh used to solve the dielectric-loaded waveguide. The symmetry of the problem would allow one-quarter and even less of the geometry to be used, depending on the symmetry of the modes to be calculated. space. This material is distributed in the mesh by the #matdis input. 
A DIELECTRIC-LOADED RIDGED WAVEGUIDE
Area
For these calculations the origin is taken to be at the geometrical center of the waveguide, with the horizontal axis being the x axis and the vertical axis the y axis. The agreement with the results of [ 5 ] , also given in Table 111 , is evident.
I v . RECTANGULAR WAVEGUIDE WITH POST
As a last example, we choose the three-dimensional case of a probe-excited short-circuited rectangular waveguide as shown in Fig. 4 . This geometry is analyzed in [6] as part of the calculation of the input impedance of a probe-excited semi-infinite waveguide. As the code used in this analysis, URMEL-3D, is a code designed to calculate the eigenmodes of resonant cavities, it is necessary to terminate the waveguide at some distance remote from the probe rather than treat the semi-infinite case. We have terminated the guide a distance of one guide wavelength from the probe at the frequency of interest in the expectation that the results will not be significantly affected by so doing. What we want to calculate is the distribution of the surface current on the probe. In ments whose strength is adjusted to produce zero tangential electric field along the probe surface. Fig. 5 shows a plot of the tangential magnetic field (or surface current density in amperes per meter) versus azimuthal angle on the probe and versus height along the probe, at a frequency of 2.52 GHz. For this calculation the x-z plane contains the width and length of the waveguide, with the base of the probe lying in the x-z plane. The axis of the probe lies along the y axis. In other words, the top view in Fig. 4 is a view looking down the y axis, with z to the right and x up. The azimuthal angle is measured from the z axis in the x-z plane. Although the qualitative features of this plot resemble those of [6], the details differ, primarily in the extent to which the current density reduces in the 180" direction and at the top of the probe. The theoretical analysis expanded the current versus height on the post in a series of two orthogonal functions that vanished at the top of the post, which does not allow for continuity of current. Further theoretical and analytic investigation is needed to establish more complete details of the current distribution.
V. CONCLUSIONS The use of general-purpose computer codes for the analysis of waveguide propagation and resonant cavity analysis can quickly provide both quantitative answers and qualitative insight and, as such, should become one of the tools in the professional repertoire of the microwave engineer. These codes are already in use in over 50 laboratories around the world. The codes are available from the DESY Laboratory, and the documentation for their use is available from the Los Alamos National Laboratory. The codes are available free of charge to universities and other nonprofit organizations. The codes are written in FORTRAN77 and are supported by DESY, which sends out periodic updates with improvements and corrections.
